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• Advantages and disadvantages of CO2 as a working fluid in 

EGS reservoirs; 

• Previous experimental and numerical studies on the chemical 

reactions with CO2 injection in EGS reservoirs. 

• The data of kinetic rates of mineral reactions are sparse and 

less consistent at the elevated temperature and pressure in 

CO2-EGS.  

 

• The objective of this study to calibrate and evaluate the 

kinetic rates of minerals from the batch experiment data.  

Introduction 



• Batch Experiments 
– Five hydrothermal fluid-rock experiments (designed to emulate the 

geothermal conditions) 

– Baseline water-granite experiment 

– Two water-granite-scCO2 experiments 

– Two water-epidote-granite±scCO2 experiments 

 

• Numerical Tools 
– Reactive transport model: TOUGHREACT code 

– Parameter estimation tool: iTOUGH2-PEST 

 

Methods and Materials 



• Rocker bombs 

• Flexible Au-Ti reaction cells 

 

Experimental Apparatus 



Experimental Design 

 Na-Cl dominant water 
 Ionic strength ~0.1 

 Granitic Mineralogy 
 Equal parts K-feldspar, 

plagioclase, quartz 

 4% biotite 

 75% powder, 25% chip 

 

• Experiments designed to emulate geothermal conditions: 



Experimental Conditions 

Experiment Water + 

Granite 

Moderate 

pH Water 

+ Granite 

+ scCO2 

Low pH 

Water + 

Granite + 

scCO2 

Water + 

Granite + 

Epidote 

Water + 

Granite + 

Epidote + 

scCO2 
 

Initial pH 5.6 5.7 3.9 5.07 5.15 

Temperature °C 250 250 250 250 250 

Pressure (MPa), Pre-

Injection 

25.3 25.0 25.2 ~24.9 ~25.3 

Pressure (MPa), 

Post-Injection 

-- 30.7 44.8 -- ~33.8 

Initial Water/Rock 

Ratio 

19.3 20.0 19.0 20.0 20.4 

Total Reaction Time 

(days) 

42.7 72.0 74.8 35.8 54.8 

 Experimental conditions: 250 °C, 250-450 bars 
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equilibrium constants calculated via ideal solution models.  We did not calculate a similar 

solution model for biotite because 1) it is a minor phase in our experiments, and 2) the mineral 

stoichiometry is not as well constrained due to notable titanium concentrations and the likely 

presence of ferric iron.  Instead, modeling calculations with biotite assume 44% annite and 56% 

pholgopite.  The K-feldspar is perthitic, meaning the original mineral exsolved to albite and 

microcline.  Since adequate thermodynamic data exist for albite and microcline, K-feldspar is 

modeled as a mechanical mixture of end-member minerals using 25% albite and 75% microcline.  

We base above determinations on mineral chemistry, as presented in Table 4.2 and Section 4.3.3. 

 

Table 4.2 Mineral compositions and initial surface area. 

(

 

Table 2. Mineral Compositions and Initital Surface Areas

Elemental Weight Percent of Mineral Reactants (Wt% oxide)

Component
a,b Quartz 

(Qtz)

Oligoclase 

(Olg)

K-Feldspar 

(Kfs)

Biotite

(Bt)

Epidote

(Ep)

P2O5 DL DL/NM DL DL/NM DL

MnO DL 0.01/DL 0.00 1.03/0.87 0.09

Fe2O3 0.08 0.12/0.04 0.19 22.84b 12.81

FeO -- -- -- 17.65c --

MgO DL DL/DL DL 13.78/13.82 DL

SiO2 97.79 64.29/61.83 62.48 36.17/38.21 34.70

Al2O3 0.59 24.47/24.25 18.92 11.56/11.33 22.63

CaO DL 5.23/4.65 0.22 0.10/0.01 23.69

TiO2 0.03 0.02/DL 0.01 2.50/2.12 0.12

Na2O DL 8.36/8.67 2.35 0.60/0.43 DL

K2O DL 0.71/0.50 12.60 8.93/9.37 DL

F NM NM/DL NM NM/2.57 NM

Cl NM NM/DL NM NM/0.04 NM

Total 98.48 103.37/99.94 96.86 97.50/96.44 94.04

Source Unknown Mitchell County, 

North Carolina

Unknown Ontario, Canada Unknown

Surface Area of Unreacted Powders (m
2
/g)

c

EXP-1 0.3367 ±  0.0028 0.6303 ± 0.0070 0.4408 ±  0.0208 1.5652 ±  0.0420 N/A

EXP-2 0.3367 ±  0.0028 0.6303 ± 0.0070 0.927 ± 0.0385 1.5652 ±  0.0420 N/A

EXP-3 0.3367 ±  0.0028 0.6303 ± 0.0070 0.4408 ±  0.0208 1.5652 ±  0.0420 N/A

EXP-4 0.7124 ±  0.0031 0.6303 ± 0.0070 0.927 ± 0.0385 1.5652 ±  0.0420 0.6327 ±  0.0617

EXP-5 0.7124 ±  0.0031 0.6303 ± 0.0070 0.927 ± 0.0385 1.5652 ±  0.0420 0.6327 ±  0.0617

a
 Component analysis conducted by ICP-OES after acid digestion of mineral.

b
 Component analysis for oligoclase and biotite also conducted by electron microprobe.  Microprobe data are the second set of va lues shown.

c
 Surface areas determined by BET.  Powders comprise 75% of mineral reactants with the remaining 25% consisting of mineral chips .

DL = below detection limit

N/A = not applicable

NM = not measured

Mineral components and initial 

surface area 

From Lo Re et al. (2014) 



Aqueous Geochemistry 

From Lo Re et al. (2014) 



Kinetic Mineral Dissolution Rates 



• Mimic the batch experiments 

• Primary minerals and initial volume fractions; 

• Possible secondary minerals selection based on initial 

equilibrium batch modeling ; 

• Kinetic properties at multiple mechanisms (neutral, acid, and 

base) 

• Specific reactive surface area from BET measurements at 

laboratory; 

• Thermodynamic database: EQ3/6 database; 

• Simulation period: 2000 hours; 

• CO2 injection with a small amount for an hour around 670-

700 hours. 

 

Batch Simulations 



 

Mineralogical Composition 



 

Kinetic Rate Parameters !
Table 5.8 Kinetic rate parameters of primary and secondary minerals, reactive surface 

area for the geochemical simulations using TOUGHREACT code. 

 

 

Note: Kinetic rate parameters from Palandri and Kharaka (2004); 

a) logk: kinetic rate constant k at 25 
o
C  (mol/m

2
/s);  

b) Ea: activation energy (KJ/mol); 

c) n: power term with respect to H
+
; 

d) set to Biotite;  e) set to Muscovite;  f) set to Dolomite 

 

 

!
!
!
!

Mineral Neutral 

Mechanism 

Acid Mechanism Base mechanism  

logk 
a
 Ea 

b
 logk 

a
 Ea 

b
 n 

c
 logk 

a
 Ea 

b
 n 

c
  

 

 

 

 

 

 

 

 

Primary:         
Quartz -13.99 87.7 - - - - - - 

Oligoclase -11.84 69.8 -9.67 65.0 0.457 - - - 

Albite -12.56 69.8 -10.16 65.0 0.457 -15.6 71.0 -0.572 

K-Feldspar -12.41 38.0 -10.06 51.7 0.500 -21.2 94.1 -0.823 

Annite 
d
 -12.55 22.0 -9.84 22.0 0.525 - - - 

Phlogopite 

Epidote 

Chlorite 

Calcite 

-12.40 

-11.99 

-12.52 

-5.81 

29.0 

70.7 

88.0 

23.5 

- 

-10.60 

-11.11 

-0.30 

- 

71.1 

88.0 

14.4 

- 

0.338 

0.500 

1.000 

- 

-17.33 

- 

- 

- 

79.1 

- 

- 

- 

-0.556 

- 

- 

Secondary:         

Calcite -5.81 23.5 -0.30 14.4 1.000 - - - 

Magnesite -9.34 23.5 -6.38 14.4 1.000 - - - 

Illite
e
 -13.55 22.0 -11.85 22.0 0.370 -14.55 22.0 -0.200 

Smectite -12.78 35.0 -10.98 23.6 0.340 -16.52 58.9 -0.400 

Kaolinite -13.16 22.2 -11.31 65.9 0.777 -17.05 17.9 -0.472 

Chlorite -12.52 88.0 -11.11 88.0 0.500 - - - 

Muscovite -13.55 22.0 -11.85 22.0 0.370 -14.55 22.0 -0.220 

Hematite -14.60 66.2 -9.39 66.2 1.000 - - - 

Dolomite -7.53 52.2 -3.19 36.1 0.500 -5.11 34.8 0.500 

Ankerite
f
 -7.53 52.2 -3.19 36.1 0.500 -5.11 34.8 0.500 

Dawsonite -7.00 62.8 - - - - - - 

  Siderite -8.90 62.8 -3.19 36.1 0.500 - - - 



• Parameters:  

– kinetic rate constant  

– reactive surface area 

• Minerals: 

– Albite and Oligoclase against measured Na+ concentration 

– K-feldspar against measured K+ concentration 

– Epidote against measured Ca2+ concentration 

• Methods: 

– Parameter estimation tool (iTOUGH2-PEST) coupled with 

TOUGHREACT model 

 

Calibration 



Measured and simulated Na+ concentration 

over time associated with calibration.  

Measured and simulated K+ concentration 

over time associated with calibration.  



Measured and simulated Ca2+ concentration 

over time associated with calibration.  

Measured and simulated pH values over 

time as a result of calibration. 
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Table 5.11. Calibrated reactive surface area of minerals Albite, Oliogclase, K-Feldspar, and 

Epidote for EXP-1 to EXP-5. 

Figure 5.17. The measured and simulated Na+ concentration over time as a result of kinetic rate 

constants and reactive surface area calibration of Oligoclase using iTOUGH2-PEST with 

TOUGHREACT model for the batch experiments EXP-1 through EXP-5.  The diamond symbols 

represent measured data, and solid lines represent simulated data 

Calibrated kinetic rate constants of minerals Albite, Oliogclase, K-

Feldspar, and Epidote for EXP-1 to EXP-5.  

Calibrated reactive surface area of minerals Albite, Oliogclase, K-

Feldspar, and Epidote for EXP-1 to EXP-5.  



 

• Overall, the simulated major cation concentrations for the experiments 

without CO2 injection have better agreement with measured values than 

simulations of experiments with CO2 injection.  

• The calibrated reactive surface area are several times larger than the BET 

measured values for K-feldspar.  A longer reaction period may be 

necessary for batch experiments to provide more effective calibration of 

mineral reactive surface areas and kinetic parameters.  

• Simulated pH values for calibrations generally exhibit good agreement with 
measured values. 

• Calibrated kinetic parameters can be used for related geochemical 
simulations in EGS reservoirs at elevated temperature and pressure.  

 

Summary 



 

Questions? 


